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Abstract. Aquatic sediments record past climatic conditions
while providing a wide range of ecological niches for mi-
croorganisms. In theory, benthic microbial community com-
position should depend on environmental features and geo-
chemical conditions of surrounding sediments, as well as on-
togeny of the subsurface environment as sediment degraded.
In principle, DNA in sediments should be composed of an-
cient and extant microbial elements persisting at different de-
grees of preservation, although to date few studies have quan-
tified the relative influence of each factor in regulating fi-
nal composition of total sedimentary DNA assemblage. Here
geomicrobiological and phylogenetic analyses of a Patago-
nian maar lake were used to indicate that the different sed-
imentary microbial assemblages derive from specific lacus-
trine regimes during defined climatic periods. Two climatic
intervals (Mid-Holocene, 5 ka BP; Last Glacial Maximum,
25 ka BP) whose sediments harbored active microbial popu-
lations were sampled for a comparative environmental study
based on fossil pigments and 16S rRNA gene sequences.
The genetic assemblage recovered from the Holocene record
revealed a microbial community displaying metabolic com-
plementarities that allowed prolonged degradation of organic
matter to methane. The series of Archaea identified through-
out the Holocene record indicated an age-related stratifica-
tion of these populations brought on by environmental selec-
tion during early diagenesis. These characteristics were as-
sociated with sediments resulting from endorheic lake con-
ditions and stable pelagic regime, high evaporative stress and
concomitant high algal productivity. In contrast, sulphate-
reducing bacteria and lithotrophic Archaea were predomi-
nant in sediments dated from the Last Glacial Maximum,
in which pelagic clays alternated with fine volcanic mate-
rial characteristic of a lake level highstand and freshwater
conditions, but reduced water column productivity. Compar-
ison of sedimentary DNA composition with that of fossil pig-
ments suggested that post-depositional diagenesis resulted in
a rapid change in the initial nucleic acid composition and
overprint of phototrophic communities by heterotrophic as-
semblages with preserved pigment compositions. Long DNA
sequences (1400–900 bp) appeared to derive from intact bac-
terial cells, whereas short fragments (290–150 bp) reflected
extracellular DNA accumulation in ancient sediments. We
conclude that sedimentary DNA obtained from lacustrine de-
posits provides essential genetic information to complement
paleoenvironmental indicators and trace post-depositional di-
agenetic processes over tens of millennia. However, it re-
mains difficult to estimate the time lag between original de-
position of lacustrine sediments and establishment of the fi-
nal composition of the sedimentary DNA assemblage.
1 Introduction
Lacustrine sediments represent excellent archives of past en-
vironmental conditions (Meyers and Lallier-Vergès, 1999),
while providing a wide range of ecological niches for sedi-
mentary microbes resulting in complex composition of sedi-
mentary DNA. Initial climatic conditions influence the flux
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and geochemical make up of organic and inorganic mate-
rial deposited at the lake bottom (Meyers and Ishiwatari,
1993; Meyers and Teranes, 2001), while microbial activity
in the water column (Chen et al., 2008) and after deposition
(Freudenthal et al., 2001; Lehmann et al., 2002) further re-
fine the nature of sediments and associated microbial biota.
Finally, evolution of sediment environments during early di-
agenesis is expected to select for the final composition of
entombed microbial consortia (Nelson et al., 2007; Zhao et
al., 2008).
DNA from ancient sediments has already been success-
fully employed to study the succession of species as a result
of environmental changes in lacustrine settings (Coolen and
Gibson, 2009). For example, wet and warm climates result
in high bacterial abundance and diversity in the sediment,
whereas cold and dry climates favor lower abundance and
diversity of microbes (Dong et al., 2010; Vuillemin et al.,
2013a). Similarly, changes in terrestrial plant cover along
climate-related environmental gradients influence sedimen-
tary microbes via variations in erosion and export of min-
eral soil and organic matter (OM) to lakes (Clark and Hirsch,
2008). Shifts in lake salinity, as well as modifications of the
water column regime, further induce large changes in bacte-
rial populations (Coolen et al., 2006, 2008), while differences
in the age and composition (lability) of sedimentary OM can
also create distinct bacterial niches (Nelson et al., 2007). De-
spite the fact that the composition of sedimentary microor-
ganisms shows a strong correspondence to geological and
geochemical conditions at the time of deposition in marine
environments (Inagaki et al., 2003), little is known about
the relative influence of extant environmental conditions and
post-depositional sedimentary processes as controls of mi-
crobial assemblage composition in deep lacustrine sedimen-
tary settings (Vuillemin et al., 2013b). Moreover, persistent
activity of microbes in sediments following burial can further
modify geochemical conditions via diagenesis (Inagaki et al.,
2006) and alter extant bacterial populations to lead to selec-
tive preservation of prior sedimentary assemblages (Miskin
et al., 1998; Boere et al., 2011a, b). Therefore, the composi-
tion of microbial communities in deep sedimentary environ-
ments arises from a combination of climatic conditions at the
time of deposition, sediment provenance, diagenetic modifi-
cations and metabolic activity and distribution of microbial
populations (Ariztegui et al., 2015; Kallmeyer et al., 2015).
This paper tests the hypothesis that the sedimentary DNA
assemblage potentially records climatic in-lake processes,
sedimentary environments and post-depositional alterations
associated with subsurface microbial communities. We com-
pare phylogenetic signatures with pigment data reflecting
planktonic production by algae and phototrophic bacteria
in an unproductive glacial environment (ca. 25 000 years
ago) to those characteristic of the productive Holocene
(ca. 5000 years ago). Moreover, the detection of in situ mi-
crobial activity within sediments from the Holocene and Last
Glacial Maximum (LGM) provides a way to assess the per-
sistence of sedimentary DNA over time and discriminate nu-
cleic acid sequences of the initial microbial assemblages at
the time of deposition (Anderson-Carpenter et al., 2011; Jør-
gensen et al., 2012) from those arising from diagenetic pro-
cesses following entombment (Freudenthal et al., 2001).
In this contribution, we take advantage of previous paleo-
climatic reconstructions (Gebhardt et al., 2012; Kliem et al.,
2013) and blend these results with new pigment data. We also
complement geomicrobiological investigations (Vuillemin et
al., 2013b, 2014a) with selected phylogenetic data using 16S
rRNA gene libraries to focus on discrete horizons in LGM
and Holocene. This approach allows us to compare varia-
tions in sedimentary DNA over the last 25 000 years in re-
sponse to both past environmental conditions and geochemi-
cal evolution of the sediments. Finally, we established six ar-
chaeal clone libraries at regular intervals throughout the mi-
crobially active sediments of the Holocene period to evaluate
the recording of population changes with depth and during
diagenesis.
2 Material and methods
2.1 Study site
Laguna Potrok Aike is a maar lake located in southern Patag-
onia, Argentina (Fig. 1a) within the Pali Aike volcanic field
(Coronato et al., 2013). Due to the persistent influence of
Westerly winds in the area (Mayr et al., 2007), the lake is
polymictic and, at present, the water column does not exhibit
thermal stratification in any season. The basin has a maxi-
mum depth of 100 m (Fig. 1b), while mean annual tempera-
tures range from 4 to 10 ◦C. The water column is fully oxic
(220 µM) down to 80 m depth, where oxygen concentrations
rapidly decrease to 60 µM in the last 20 m. Conditions are
thus oxic but become microoxic at the water-sediment inter-
face (Zolitschka et al., 2006), likely due to the steep morphol-
ogy of the maar and currents in the profundal zone (Kast-
ner et al., 2010). Oxygen penetration within surface sedi-
ment is likely restricted to the first millimeter (Vuillemin et
al., 2013a). This hydrologically closed basin contains a sedi-
mentary record of the climatic regime in southernmost South
America in which changes in the Westerly winds and ice cap
distribution in the Andes regulate variations in regional en-
vironmental conditions and in-lake conditions (Fig. 2) such
as mixing and hydrological balance (Mayr et al., 2007, 2013;
Ohlendorf et al., 2013). During wetter periods, elevated nu-
trient influx enhances lake primary productivity in the lake
(Recasens et al., 2012), as well as colonization of the sedi-
ments by microbes (Vuillemin et al., 2013a).
In the framework of the ICDP-PASADO project, a 100 m
long by 7 cm wide hydraulic piston core (Ohlendorf et al.,
2011) was collected and sampled for a detailed geomi-
crobiological study of the lacustrine subsurface biosphere
(Vuillemin et al., 2010). We supplement these insights with
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Figure 1. Map of Southern Argentina displaying the location (a)
and bathymetric map (b) of Laguna Potrok Aike showing the two
drilling sites (Zolitschka et al., 2006). Pore water and geomicrobio-
logical samples were retrieved from cores at site 5022-1, whereas
sediments for pigment analysis were obtained from cores at site
5022-2.
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Figure 2. Paleoenvironmental conditions at Laguna Potrok Aike
during the Holocene (a) and LGM times (b), with from left to right:
climatic and lacustrine parameters, sagittal views of the basin and
respective core sections locating the 16S rRNA samples. Holocene
times correspond with active westerly winds, lake lowstand, sub-
saline conditions and high primary productivity in the basin and
catchment, whereas LGM times are characterized by lake highstand
and active overflow, freshwater conditions, low primary productiv-
ity in the basin and inflows restricted to runoff from the volcanic
catchment. The whole lacustrine sequence (c) is displayed as strati-
graphic units in age scale and lithology log in meter scale (after
Kliem et al., 2013). The sedimentation can be defined as pelagic
(white), gravity (grey) and tephra (black) layers. Time abbrevia-
tions stand for Holocene (H), Younger Dryas (YD), Last Glacial
Maximum (LGM), Antarctic events 1 (A1) and 2 (A2).
a new 16S rRNA gene analysis of the sedimentary DNA
assemblage extracted from the whole Holocene record and
one deep ancient LGM horizon (Fig. 2b), as well as a full
sequence analysis of key sedimentary carotenoids from eu-
karyotic and prokaryotic phototrophs, which preserve well
for over 100 000 years (Hodgson et al., 2005). Fossil pigment
and sedimentary DNA extractions from the two climatic in-
tervals also allow for a unique comparison between climatic
and genetic records in the frame of well-established paleoen-
vironmental reconstructions.
2.2 Sedimentary features of selected horizons
Lake basin conditions at the time of the Holocene horizon
A (Fig. 2a) were defined as subsaline (1.2 % NaCl eq) during
a water-column lowstand (Ohlendorf et al., 2013). Annual
mean surface atmospheric temperatures were slightly colder
than those of the present day (−1 ◦C; Pollock and Bush,
2013). Sedimentary features of horizon A consist of fine in-
tercalations of laminated silts with soft methane-saturated
black clays, reflecting a continuous pelagic to hemipelagic
regime (Fig. 2a). In contrast, paleoconditions of the LGM
horizon B (Fig. 2b) corresponded with a lake level highstand
with freshwater conditions, and colder annual mean surface
temperatures (−3 ◦C; Pollock and Bush, 2013). Sedimentary
features of horizon B mainly consist of compacted greyish
clays with numerous intercalations of mafic sands associated
with terrestrial events (Fig. 2b).
Previous sedimentary studies (Kliem et al., 2013; Geb-
hardt et al., 2012; Ohlendorf et al., 2013) defined five main
lithological units throughout the record of Laguna Potrok
Aike. These five units are based on stratigraphic features as-
sociated with the frequency of gravity inflows in response to
climatic lake level fluctuations (Fig. 2c). Such fluctuations
promoted important reworking of the catchment with influx
of terrestrial and volcanic detritus to the center of the basin
(Zolitschka et al., 2013). Furthermore, time calibration of La-
guna Potrok Aike stratigraphy showed that these five litho-
logical units correspond to specific climatic periods, namely
the Last Glacial, Antarctic events A2 and A1, LGM, Younger
Dryas (YD) and Holocene times (Buylaert et al., 2013; Kliem
et al., 2013).
2.3 On-site sampling and procedures
Sediment sampling protocols were optimized to avoid po-
tential sources of microbial contamination (Kallmeyer et al.,
2006; Vuillemin et al., 2010). The size and configuration
of the drilling platform prevented use of an on-site lab-
oratory with sufficient conditions of asepsis, therefore re-
trieved cores were transported every 90 min from the plat-
form back to the field laboratory where a detailed proto-
col was applied to retrieve sediments under the most ster-
ile conditions possible. The aperture of sampling windows
allowed a quick retrieval and conditioning of sediments for
DNA extraction, 4′,6-diamidino-2-phenylindole (DAPI) cell
counts, and on-site adenosine-5′-triphosphate (ATP) assays.
Rapid ATP detections were performed on a Uni-Lite NG
luminometer (BioTrace) with Aqua-Trace water testers and
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used as an assessment of in situ microbial activity within
sediments (Nakamura and Takaya, 2003). Background val-
ues measured on micropure H2O ranged between 25 and
30 RLU. Thus, a value of 30 was systematically subtracted
from the readings for background correction. Pore water was
retrieved from small holes drilled in the liners using 0.15 µm
pores soil moisture samplers (Rhizon Eijkelkamp). All pro-
tocols for lithostratigraphic and biogeochemical analyses re-
lated to bulk sediment composition, pore water geochemistry
and cell count procedures have been published elsewhere
(Vuillemin et al., 2013a, b). Complete data sets are available
at http://doi.pangaea.de (Vuillemin et al., 2013c, d).
2.4 Pigment analysis
All extraction, isolation and quantification followed the stan-
dard procedures detailed elsewhere (Leavitt and Hodgson,
2002). In brief, carotenoid, chlorophyll (Chl) and deriva-
tive pigments were extracted from 2500 freeze-dried sed-
iment samples into degassed mixtures of organic solvents
(i.e. acetone, methanol) and water under an inert N2 at-
mosphere and filtered through 0.45 µm pore membrane fil-
ters. Extracts were injected into a Hewlett Packard model
1100 high performance liquid chromatographic (HPLC) sys-
tem fitted with a reversed-phase C18 column, photo-diode
array detector, and fluorescence detector for quantification.
Peaks were identified and calibrated using authentic pig-
ment standards (US Environmental Protection Agency and
DHI Lab Products, Denmark), unialgal cultures, and refer-
ence stocks of sedimentary pigments. Biomarker concen-
trations (nmol pigment g−1 total organic carbon) were cal-
culated for pigments characteristic of green sulphur bacte-
ria (isorenieratene), total Cyanobacteria represented by the
sum of three pigments (echinenone, canthaxanthin, aphani-
zophyll), purple bacteria (okenone) and mainly diatoms (di-
atoxanthin). Preservation index was calculated from the ratio
of chlorophyll a to its degradation product pheophytin a, two
pigments indicative of total algal abundance (Leavitt et al.,
1993). Shifts in productivity associated with lacustrine con-
ditions were estimated from the ratio of total eukaryotic pig-
ments (alloxanthin, β-carotene, chlorophyll a, chlorophyll b,
diatoxanthin, fucoxanthin, lutein, phaeophytin b, zeaxanthin)
to total prokaryotic pigments (canthaxanthin, echinenone,
isorenieratene, okenone).
2.5 Clone library and phylogenetic analysis
Detailed procedures for DNA extraction, PCR amplification
and denaturing gradient gel electrophoresis (DGGE) were
published elsewhere (Vuillemin et al., 2013a, 2014b). In
brief, total DNA was extracted from sediment samples us-
ing the commercial Mobio PowerSoil Isolation kit. Amplifi-
cations of the small subunit 16S rRNA gene were performed
with the bacterial universal primer pair 27F (5′-AGA GTT
TGA TCC TGG CTC AG-3′) and 1492R (5′-GGT TAC CTT
GTT ACG ACT T-3′). For archaeal gene amplifications, a
nested PCR approach was selected to avoid an enrichment
step by cultures. The primer pair 4F (5′-TCY GGT TGA
TCC TGC CRG-3′) and Univ1492R (5′-CGGTTA CCT TGT
TAC GAC TT-3′) was used in the first place, followed by
the overlapping forward primer 3F (5′-TTC CGG TTG ATC
CTG CCG GA-3′) and reverse primer 9R (5′-CCC GCC AAT
TCC TTT AAG TTT C-3′). PCR amplifications resulted in
DNA fragments of 1400 and 900 base pairs (bp) for Bac-
teria and Archaea, respectively. These PCR products were
used subsequently to establish clone libraries. For DGGE,
a final nested PCR round was performed on both bacterial
and archaeal products to fix the GC clam (5′- CGC CCG
CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG
GGG G -30) and shorten sequences to 150 bp to allow a bet-
ter denaturation in the gradient gel. Primers 357F-GC (GC
clam + 5′-CCT ACG GGA GGC AGC AG-3′) with 518R
(5′-ATT ACG GCG GCT GCT GG-3′) were used for Bac-
teria and A344F-GC (GC clam + 5′-ACG GGG AGC AGC
AGG CGC GA-3′) with W31 (5′-TTA CCG CGC TGC TGG
CAC-3′) for Archaea.
For the cloning procedure, PCR products were purified us-
ing the High Pure PCR Product Purification Kit (Roche Di-
agnostics SA), measured with a Nanodrop ND-1000 Spec-
trophotometer (Witec AG), and diluted to 10 ng µL−1. Two
µL of PCR products were ligated to the pCR4-TOPO vec-
tor (Invitrogen by life technologies) and cloned into compe-
tent Escherichia coli cells. Cloning procedure was performed
using the TOPO TA Cloning Kit (Invitrogen by life tech-
nologies) following the manufacturer’s recommendations.
Transformed cells were incubated at 37 ◦C for 20 h on a
LB medium containing 1 g L−1 NaCl, 1 g L−1 Bactotryp-
tone, 0.5 L−1 Bactoyeast, 1.5 g L−1 Bactoagar and 2 mL L−1
ampicillin. To constitute libraries, 86 bacterial clones were
selected from samples at 4.97 (43) and 29.77 (40) m sediment
depth, and 228 archaeal clones from samples at 0.25 (35),
0.55 (41), 1.90 (42), 2.51 (27), 4.97 (27), 7.81 (21), 9.37 (11),
and 29.77 (24) m sediment depth. Sequencing cycles were
performed using the BigDye Terminator v.3.1 Cycle Se-
quencing Kit (Applied BioSystems) with universal primers
27F and 1492R for Bacteria and vector primers D4 and
R5 from the BigDye sequencing kit for Archaea. Sequenc-
ing was performed on an ABIPRISM 3130×l Genetic An-
alyzer (Applied BioSystems, Hitachi). Sequences were as-
sembled with CodonCode Aligner v.3.7.1 (CodonCode Cor-
poration), aligned on Seaview v.4.3.0 (Gouy et al., 2010)
with ClustalW2. Primers were selectively cut off. Chimeras
were detected using the online program Bellerophon (Huber
et al., 2004). 16S rRNA gene sequences were identified using
the megx Geographic-BLAST (http://www.megx.net) and
SILVA comprehensive ribosomal RNA databases (Pruesse et
al., 2007). The SINA online v.1.2.11 (Pruesse et al., 2012)
was used to align, search and classify sequences and their
closest matches downloaded from the SILVA database as
taxonomic references. All sequences were uploaded on the
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ARB platform (http://www.arb-home.de/) and phylogenetic
trees established with the Maximum Likelihood method us-
ing the RAxML algorithm with advanced bootstrap refine-
ment of bootstrap tree using 100 replicates (Ludwig et al.,
2004). Phylip distance matrices were extracted from phy-
logenetic trees and exported to the Mothur® v. 1.32.1 soft-
ware (Schloss et al., 2009) and number of operational tax-
onomic units (OTUs), rarefaction curves, Chao, Shannon
and Dominance-D indices were calculated at 97 % sequence
identity cut-off value (Supplement). All our sequences have
been deposited in the GenBank database under accession
numbers JX272064 to JX272122, JX472282 to JX472399
and KT381303 to KT381433.
To provide a quantitative confirmation of the major ele-
ments identified in the clone libraries, a preliminary run of Il-
lumina MiSeq sequencing was performed on the same DNA
extracts for horizon A and B. In addition, one surface sample
(0.25 m depth) was included to provide a reference for the
initial microbial assemblages, assuming that it experienced
minimal degradation of its DNA following deposition. We
used bar code universal primers 515F (5′-GTG CCA GCM
GCC GCG GTA A-3′) and 806R (5′-GGA CTA CHV GGG
TWT CTA AT-3′) to cover 291 bp of the bacterial and ar-
chaeal subunit 16S rRNA gene (Supplement).
3 Results
3.1 Geochemical analysis of bulk sediment
3.1.1 Organic matter and pore water chemistry
Total organic carbon (TOC), total nitrogen (TN) and organic
phosphorus (OP) displayed very similar stratigraphic varia-
tions, with all profiles covarying with grain size and the oc-
currence of gravity events (Fig. 3, top). Low OM contents
were associated with coarse grain sizes and gravity events
as they regularly occurred during the Last Glacial period.
In contrast, four sediment intervals displayed increased OM
values around 70, 40, 10 m depth and uppermost sediments
(Fig. 3a). In context of the overall stratigraphy (Fig. 3, bot-
tom), these intervals correspond to the Antarctic event A2,
early LGM, YD and late Holocene times, respectively.
Chloride concentrations (Supplement) indicated a shift
from freshwater (5.6 mM) to subsaline (16.9 mM) conditions
during the YD. Nitrite+ nitrate concentrations (Supplement)
were always very low throughout the sedimentary sequence,
with values in between 3.2 and 9.7 µM. Phosphate concen-
trations (Fig. 3d) were ca. 105 µM in Holocene sediments
and most often close to detection limit (4 µM) within the
rest of the sedimentary sequence. Dissolved iron (Fe2+) was
often below detection limit (65 µM), but was quantifiable
from 55 to 15 m sediment depth, reaching concentrations be-
tween 89.5 and 268.6 µM. The sulphate concentration profile
(Fig. 3d) displays frequent variations with baseline values
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Figure 3. Paleoclimatic and geomicrobiological multiproxy. Top)
Stratigraphic sequence of Laguna Potrok Aike, followed by grain
size with clay (black), silt (dark grey) and sand (light grey). (a) Total
organic carbon (TOC), total nitrogen (TN) and organic phosphorus
(OP) from bulk sediment. (b) Specific pigments usually account-
ing for green sulphur bacteria (isorenieratene), cyanobacteria (echi-
nenone, canthaxanthin, aphanizophyll) and diatoms (diatoxanthin).
(c) Preservation index based on the ratio of chlorophyll a to pheo-
phytin a, with peaks indicative of increased preservation associated
with high sedimentation rates, and ratio of eukaryotic to prokaryotic
pigments. (d) Pore water concentrations for phosphate, iron and sul-
phate. (e) On-site adenosine triphosphate (ATP) detections and 4′,6-
diamidino-2-phenylindole (DAPI) cell counts respectively used as
indices of microbial activity and population density. (f) Number of
bands from DGGE gels is used as relative index of structural shifts
in bacterial and archaeal communities. Bottom) Lithology log dis-
playing the five units established by Kliem et al. (2013) and their
corresponding climatic intervals.
oscillating between 52.0 and 728.7 µM. Extraordinary peaks
were located at 49, 38 and 25 m sediment depth, reaching
concentrations of ca. 16.6, 13.2 and 10.2 mM, respectively,
in concomitance with tephra layers.
3.1.2 Pigment concentrations
Analyses of bacterial and algal pigment concentrations pro-
vided clear indication for algal abundance (i.e. total produc-
tivity) being lower and higher during the LGM and Holocene
periods, respectively (Fig. 3b). Specifically, elevated fos-
sil concentrations of isorenieratene (100 nmole× gr TOC−1)
suggested that bacteria related to sulphur metabolism were
an important component of the primary producer commu-
nity during the late YD and early Holocene (Fig. 3b). Spo-
radic peaks in isorenieratene concentrations were also ob-
served in the glacial record. In contrast, okenone concentra-
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tions (not shown) were always below 20 nmole× gr TOC−1
in Holocene sediments and close to detection limit in the
glacial record. Total Cyanobacteria contributed substantially
to the labile OM during the YD and Holocene times, but are
present only sporadically within the glacial interval. Finally,
diatoxanthin showed that diatoms (Fig. 3b) were abundant
during the late YD and early Holocene period in agreement
with diatom counts (Recasens et al., 2015). The pigment
preservation index (Fig. 3c) displayed sporadic peaks corre-
lating coarse grain sizes and increased sedimentation rates,
notably during the LGM and YD transition, due to either
degradation of chlorophyll a in coarse sediments or external
inputs of pheophytin a reworked from the catchment. Analy-
sis of the ratio of eukaryotic (e.g. diatoms, green algae, cryp-
tophyte algae) to prokaryotic (e.g. cyanobacteria, green and
purple sulfur bacteria) pigments (Fig. 3c) revealed that the
relative importance of eukaryotic algae increased during cli-
matic transitions (late LGM, YD and early Holocene). Oth-
erwise, baseline values oscillated around 2.0, indicating that
prokaryotic biomass is considerably less abundant than the
eukaryotic one during the glacial period.
3.2 Microbial characteristics
3.2.1 Microbial activity, density and diversity
Maximal ATP values (> 100) were recorded in the Holocene
sediment in between 8 and 4 m burial depth, indicating on-
going microbial processes. In contrast, only small peaks of
ATP (> 50) were observed in LGM sediments (ca. 40 to 20 m
depth), pointing to a sustained but considerably lower level
of microbial activity in discrete horizons. Analysis of DAPI
cell counts (Fig. 3e) suggested that microbial populations
were densest in Holocene sediments (ca. 5 m core depth),
but that total cell abundance decreased gradually from the
YD down through LGM sediments, with minimal values in
the deepest glacial record. At present, we cannot distinguish
between active, inert or dead cells based on DAPI stain-
ing. Instead, analyses of DGGE gel features were used to
assess microbial community changes. Here, the number of
DGGE bands (Fig. 3f) for Bacteria was maximal at 5 and
30 m depth, which corresponds with the two intervals where
microbial populations appeared active based on ATP levels.
The Bacteria signal disappeared below 60 m sediment depth
in horizons potentially corresponding with increased grav-
ity events and early reflooding of the maar (Gebhardt et al.,
2012; Kliem et al., 2013). Similarly, the Archaea profile dis-
played a reduced but stable number of DGGE bands along
the entire sedimentary record, with maximal values located
around 8 and 35 m depth (Fig. 3f). In general, the DGGE
bands represented short sequences (150 bp) which could not
be used to distinguish between DNA arising from active taxa,
intact dead cells and fragmented extracellular DNA (Cori-
naldesi et al., 2011). Taken together, these various indices
provided evidence for the presence of amplifiable DNA re-
lated to microbial populations in decline at depth.
Two sedimentary horizons appeared to be preferentially
colonized by microbes and were thus selected within the
Holocene and LGM records to establish comparative clone
libraries. During gel screening, bacterial clones obtained
from the Holocene sample all matched the expected size of
the targeted DNA fragment (1400 bp), whereas more than
50 % of the clonal sequences isolated from the LGM sam-
ple were shorter (800–600 bp), indicating lower DNA qual-
ity in aged sediment, were discarded from further analysis
(Supplement).
3.2.2 Bacterial and archaeal clone libraries
16S rRNA gene sequences from ca. 5 ka old Holocene sed-
iments showed that Atribacteria and Aminicenantes, respec-
tively former candidate divisions OP9 and OP8 (Rinke et al.,
2014), were major phyla of the sedimentary microbial as-
semblage (Fig. 4). Additional representative Bacteria iden-
tified from Holocene deposits were affiliated to Acidobac-
teria (Barns et al., 1999), Clostridia and δProteobacteria
partly related to syntropic species (Jackson et al., 1999; Liu
et al., 1999, 2011). In contrast, the microbial assemblage
from the ca. 25 ka old LGM interval revealed the signifi-
cant presence of δProteobacteria (Fig. 4) belonging to the
SVA0485 candidate division likely involved in sulphate re-
duction (Bar-Or et al., 2015). Remarkably, one Acidobacteria
sequence was affiliated with known iron reducers (Liesack et
al., 1994). Other sequences specific to the LGM horizon clus-
tered with Spirochaetes, Elusimicrobia and Latescibacteria,
respectively former candidate division Termite Gut Group 1
and WS3 (Herlemann et al., 2009; Rinke et al., 2014; Youssef
et al., 2015). Finally, sequences related to Planctomycetes
(Glöckner et al., 2003), Chloroflexi, Bacteroidetes and Acti-
nobacteria could not be uniquely associated with either the
Holocene or LGM horizon (Figs. 2 and 4), although their re-
spective sequences still formed separate clusters (Figs. 4 and
6).
Despite potential cell migration in soft methane-saturated
clays, archaeal sequences obtained from the Holocene record
provided evidence for an environmental selection of assem-
blages with depth in the sedimentary profile (Figs. 5 and
6). Main groups successively identified with depth were af-
filiated with the Marine Group 1 and Lokiarchaeota (i.e.
former Marine Benthic Group B) within the first meter,
Methanomicrobia and Bathyarchaeota (i.e. former Miscel-
laneous Crenarchaeotal Group) plus Marine Benthic Group
D within the next 4 m of sediment, and candidate phyla
Hadesarchaea (i.e. former South African Gold Mine Group;
Baker et al., 2016) and Bathyarchaeota below 5 m depth
(Fig. 6). Methanogen sequences corresponded with depth to
Methanolinea, Methanosarcina, Methanoregula and uncul-
tured Methanomicrobiaceace. Finally, Bathyarchaeota se-
quences were present throughout Holocene sediments form-
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Figure 4. Maximum likelihood phylogenetic tree of bacterial 16S rRNA gene sequences (1400 bp) recovered at 4.97 and 29.77 m depth from
Holocene (orange types) and LGM (blue types) sediments. Atribacteria and Aminicenantes are the main taxa encountered in the Holocene
organic-rich pelagic sediments, whereas sulphate reducers are dominant in the LGM horizon composed of intercalated volcanic mafic sands
and hemipelagic sediments. Boldface types signify database references with sequence accession numbers in parentheses.
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Figure 5. Maximum likelihood phylogenetic tree of archaeal 16S rRNA gene sequences (900 bp) recovered at 0.25, 0.55, 1.90, 2.51, 4.97,
7.81, 9.37 and 29.77 m sediment depth. Clone series established throughout the Holocene record (dark grey types) indicate a depth-related
evolution of the assemblages, with a general trend from marine groups to methanogens ending with Hadesarchaea (i.e. SAGMEG) se-
quences. Comparatively, the Holocene archaeal assemblage at 4.97 m depth (orange types) is mainly composed of Methanomicrobiales
and Bathyarchaeota (i.e. MCG), whereas the LGM archaeal assemblage at 29.77 m depth (blue types) is restricted to Hadesarchaea and
Bathyarchaeota divisions. Boldface types signify database references with sequence accession numbers in parentheses.
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ing clusters associated with their respective sampling in-
tervals (Fig. 5). Direct comparison between the LGM and
Holocene horizon (Figs. 5 and 6) revealed archaeal assem-
blages mainly consisting of Methanoregula and Marine Ben-
thic Group D in the Holocene, and mostly Hadesarchaea se-
quences in the LGM.
High-throughput 16S rRNA sequences supported the main
taxa identified in clone libraries, although with different affil-
iation percentages (Supplement), allowing for general inter-
pretation in terms of sediment populations and related pro-
cesses. One main taxon (6 %) remained missing in the assem-
blage of horizon A, specifically the Acetothermia (i.e. former
candidate division OP1). In the surface sample, Proteobacte-
ria constituted about 50 % of the assemblage, followed by
Planctomycetes, Chloroflexi and Atribacteria. In the surface
sample, Proteobacteria constituted about 50 % of the assem-
blage, followed by Planctomycetes, Chloroflexi and Atribac-
teria. Checking results for the presence of phototrophs, we
noted that sequences related to Cyanobacteria, Chlorobi and
chloroplasts were a minority and not uniformly present (Sup-
plement).
4 Discussion
4.1 Holocene and LGM paleoclimatic and geochemical
conditions
The sedimentation regime of Laguna Potrok Aike over the
last 51 ka was mainly dependent on climatic variations and
river inflows as water level fluctuations led to shore ero-
sion and reworking of the catchment (Kastner et al., 2010;
Coronato et al., 2013). Dry conditions during glacial times
gave way to regression phases and multiple gravity events,
whereas moister conditions promoted transgression phases
and pelagic conditions (Haberzettl et al., 2007; Gebhardt et
al., 2012; Ohlendorf et al., 2013). During the YD, the posi-
tion of the Westerlies shifted to lower latitudes and the loca-
tion of the lake (Kilian and Lamy, 2012; Pollock and Bush,
2013), resulting in elevated wind evaporation and lake level
decline along with an overall positive temperature excursion
in South Patagonia (Waldmann et al., 2010; Kilian and Lamy,
2012).
In general, the LGM horizon coincides with a period of
active hydrology within the lake basin, with both overflow
and active inflows into the lake (Haberzettl et al., 2007). Re-
duced vegetation in the catchment (Haberzettl et al., 2009)
promoted periglacial and wind-related erosion (Hein et al.,
2010). Tephra layers (Wastegård et al., 2013) with mafic
sands reworked from the catchment triggered small-scale
shifts in productivity (Hahn et al., 2013) and contributed
to punctual increases of iron and sulphate in pore water
(Fig. 3d). In contrast, the Holocene horizon corresponds
to a period of lake level rise and endorheic phase (Ansel-
metti et al., 2009; Ohlendorf et al., 2013) with subsaline and
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Figure 6. Histograms of identified phylotypes displayed in relative
%, with OTU and sequence numbers at the top and bottom, respec-
tively. Left) Several bacterial phylotypes are shared by the Holocene
and LGM horizons (i.e. Chloroflexi, Planctomycetes, Bacteroidetes)
as they are known ubiquists in aquatic environments. Right) Ar-
chaeal phylotypes indicate a gradual evolution with depth of the
assemblages. Methanogens correspond in turn to Methanolinea,
Methanosarcina and Methanoregula; marine-related sequences to
Group 1, Lokiarchaeota and Benthic Group D and disappear below
5 m depth. Hadesarchaea sequences are only identified from 7.8 m
depth, but dominate the assemblages at 29.8 m depth.
nitrogen-limiting conditions in the water column (Zhu et al.,
2013). Such lake level rise corresponds with important nu-
trient fluxes, elevated primary productivity (Recasens et al.,
2015) and higher microbial colonization of the sediment un-
der pelagic conditions (Vuillemin et al., 2014a).
4.2 Interpretation of sedimentary DNA
Overall, microbial populations were defined according to
an apparently depth-dependent trend reflecting the reced-
ing activity and slow death of microorganisms (Vuillemin
et al., 2014a). Subsequent to cell lysis, nucleic acids are re-
leased into the surrounding sediment where they can be ac-
tively degraded or sorbed to sediments (Corinaldesi et al.,
2007, 2011). Exposure of extracellular DNA to microbial
processes then results in the turnover or preservation of se-
quences with depth (Corinaldesi et al., 2008). Theoretically,
short fragments are associated mainly with ancient and in-
active taxa, whereas longer DNA fragments should better
record changes in recent and active taxa. Therefore, clonal
16S rRNA gene sequences (1400 and 900 bp) are considered
significant of some major components of formerly preserved
and currently viable microbial assemblages, whereas DGGE
bands (150 bp) are likely influenced by the accumulation of
extracellular DNA.
Microbial populations were abundant and metabolically
active in the sediment of the Holocene period. Archaeal
phylotypes indicate a layering of these assemblages with
depth likely related to environmental selection during di-
agenesis. While Bathyarchaeota are major elements of
the archaeal assemblage throughout the sediment, predom-
inant methanogens vary with depth from Methanolinea
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to Methanosarcina and Methanoregula. Marine-related se-
quences also shift from Group 1 to Lokiarchaeota (Spang et
al., 2015) and Benthic Group D and are replaced by Hade-
sarchaea sequences below 5 m depth. Similar changes in ar-
chaeal assemblages have also been identified in marine sub-
seafloor environments (Vigneron et al., 2014). In this latter
case, Bathyarchaeota and marine groups are expected to de-
grade complex organic matter, such as cellulose, proteins and
aromatic compounds (Lloyd et al., 2013; Meng et al., 2013).
Thus, the present series of Archaea likely reflect an environ-
mental selection of subsurface biosphere during early diage-
nesis of OM, with an age-related stratification made possible
by a stable pelagic regime at that time.
16S rRNA gene sequences provide evidence for the pres-
ence of Atribacteria and Aminicenantes (Rinke et al., 2013)
as dominant sequences of the assemblage within the organic-
rich Holocene clays buried at 5 m depth (ca. 5 ka BP) (Fig. 6
and Supplement). These microbes, initially described from
hot springs (Hugenholtz et al., 1998), are often abundant in
anaerobic marine sediments (Inagaki et al., 2003). Recently,
Atribacteria have been described as energy-conservative het-
erotrophic anaerobes which act either as primary or sec-
ondary fermenters (Nobu et al., 2015) capable of syntrophic
catabolism (Sieber et al., 2012). Methanoregula (Bräuer et
al., 2011) was detected in association with Syntrophus (Jack-
son et al., 1999) and Syntrophomonadaceae (Liu et al.,
2011). GIF9 Chloroflexi, which are closely related to De-
halogenimonas (Moe et al., 2009) and widely abundant in
organic-rich anoxic sediments, are presumably homoaceto-
genic fermenters (Hug et al., 2013). In addition, alkalotol-
erant species, such as Clostridia (Nakagawa et al., 2006)
and Marine Benthic Archaea (Jiang et al., 2008), when ac-
tive, mainly ferment labile organic compounds (Wüst et al.,
2009), whereas cellulose and lignin are degradable by Acti-
nobacteria and Bacteroidetes equally present (Pachiadaki et
al., 2011). These assemblages reflect the initial degradation
of labile OM from algae and the generation of fermentative
byproducts, such as acetate, H2 and CO2, which served as
substrates for methane production by Methanomicrobiales.
Such substrate evolution during prolonged OM diagenesis
promotes the recycling of end products and syntrophic hy-
drogen consumption, as presently observed with autotrophic
methanogenesis and homoacetogenesis (Wüst et al., 2009).
Such a pattern also suggests that the final Holocene mi-
crobial assemblages arise from metabolic complementari-
ties of component taxa, reinforcing our previous study on
their role in the degradation and geochemical cycling of OM
(Vuillemin et al., 2014b).
Microbial communities recovered from ca. 25 ka old LGM
sediments were not considered dormant or dead, but in-
stead appear to subsist in a viable state at low metabolic
rate (Hoelher and Jørgensen, 2013). This LGM assemblage
records the intricate presence of organotrophs capable of re-
fractory OM degradation with mostly Atribacteria, Amini-
cenantes, Elusimicrobia (Herlemann et al., 2009; Febria et
al., 2015) and Chloroflexi, to which Acidobacteria (Liesack
et al., 1994), Spirochaeta (Hoover et al., 2003), Plancto-
mycetes, Actinobacteria, and Bacteroidetes are added. Syn-
troph sequences among δProteobacteria and Chloroflexi are
consistent with the degradation of secondary metabolites
such as propionate (Liu et al., 1999; De Bok et al., 2001; Ya-
mada et al., 2007), while sulphate-reducing δProteobacteria
and Hadesarchaea (Takai et al., 2001; Baker et al., 2016)
are thought to reflect the specific sediment geochemistry. Fi-
nally, Latescibacteria have been recently presented as anaer-
obes mediating the turnover of multiple complex algal poly-
mers in deep anoxic aquatic habitats (Youssef et al., 2015).
This pattern of sequences is interpreted as arising from the in-
tercalation of organic-poor clays with volcanic material that
could act as sources of iron and sulphate. In general, condi-
tions at such sedimentary interfaces would greatly limit any
methane production (Schubert et al., 2011) and instead se-
lect for a microbial assemblage capable of sulphate and iron
reduction. H2S production during sulphate reduction likely
promotes lithotrophic species via the alteration of mafic min-
erals (Johnson, 1998; Blanco et al., 2014) and act in the for-
mation of authigenic minerals such as framboidal sulphides
(Vuillemin et al., 2013b).
Heterogeneous sedimentation or prolonged exposure to di-
agenesis can obscure the interpretation of DNA sources. For
example, consistent with their ubiquity noted in other stud-
ies (Kubo et al., 2012; Farag et al., 2014), Bathyarchaeota
and Aminicenantes sequences were not specifically asso-
ciated with environmental or metabolic features of either
the Holocene and LGM horizons, while sequence affilia-
tion to Planctomycetes, Chloroflexi, Actinobacteria and Bac-
teroidetes appears to be kept constant with depth (Supple-
ment). Indeed, some microorganisms easily tolerate differ-
ent kinds of environmental change with high functional re-
dundancy (Sunagawa et al., 2015). Global patterns of bacte-
rial distribution in the environment have shown that the main
drivers of community composition are temperature and pri-
mary production in the oceans (Raes et al., 2011) and salinity
and substrate type in sedimentary environments (Lozupone
and Knight, 2007). In deep sediment settings, OM anaero-
bic metabolisms appear as the dominant activities, with cell
densities in link to pore-water sulphate concentrations (Orsi
et al., 2013) and sedimentation rates (Kallmeyer et al., 2012).
All these parameters are consistent with the present microbial
assemblages although the Holocene methanogenesis zone
overlies the LGM sulphate reduction zone.
Several lines of evidence suggest that patterns of microbial
activity and composition did not arise from contamination of
ancient sediments with modern microbes. Firstly, phyloge-
netic results from Holocene and LGM sediments display only
one single OTU in common (Fig. 4). Secondly, sedimentary
ATP activity recorded less than 2 hours after core recovery
shows the same pattern of ATP concentration than that mea-
sured substantially later, and is also coherent with more ex-
tensive laboratory analyses (Supplement). Thirdly, deep sed-
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iments lacked any of the chemical or lithological characteris-
tics of the younger sediments (Fig. 3), including framboidal
iron sulphides, lower salinity, pigment composition, color of
clays and absence of gas vugs (Supplement).
4.3 Sedimentary DNA and fossil pigment preservation
In addition to diagenesis, important lake level fluctuations
can influence the sediment record due to changes in lake mor-
phometry, light penetration and bottom water stratification
(Leavitt, 1993; Leavitt and Hodgson, 2002). Complementary
analyses of bacterial and algal pigment concentrations indi-
cate high primary productivity during the Holocene while
oligotrophic conditions characterized the last glacial period.
Sporadically, the pigment preservation index suggests in-
tervals of poor preservation related to low OM content as
well as the presence of reworked OM in gravity-related sed-
iments (Hahn et al., 2013). Fortunately, pelagic production
can be considered accurately recorded. During the LGM,
short intervals of elevated productivity appear to correlate
with warming events, tephra inputs and mass movements
(Recasens et al., 2015). Still, bacterial sources constitute an
important fraction of the organic sedimentary record. During
the YD and Holocene, reduced okenone and isorenieratene
concentrations indicate two brief periods of stratification as-
sociated with lake level lowstands (Zolitschka et al., 2013).
Endorheic conditions resulted in nitrate limitation and may
have favored Cyanobacteria in comparison to other primary
producers (Mayr et al., 2009; Zhu et al., 2013). Reflooding
of the maar could explain shifts in planktonic assemblages
(Wirth et al., 2013) and increased lake level should have
improved conditions for primary production by eukaryotes.
However, the water depth difference between the Holocene
and LGM times (i.e. 37 m) likely promoted OM preservation
during lowstand.
Comparison of fossil pigments with sedimentary DNA
assemblages suggests that the initial nucleic acid compo-
sition of sediments could be rapidly modified by micro-
bial ontogeny following deposition. For example, high con-
centrations of isorenieratene from brown varieties of green
sulfur bacteria (Leavitt et al., 1989; Glaeser and Over-
mann, 2003) were recorded in the sediments throughout the
Holocene, but genetic markers of the relevant carotenoid-
producing phototrophic taxa were rare in the mid-Holocene
intervals subject to DNA analysis. Similarly, despite high
concentrations of cyanobacterial pigments in the Holocene
record, related sequences were hardly detected in shallow
sediments, even using high-throughput sequencing (Supple-
ment). In this paper, Planctomycetes, Actinobacteria and
Bacteroidetes are among the heterotrophs (Fig. 4) which can
produce carotenoids pigments (Hahn et al., 2003; Warnecke
et al., 2005; Fukunaga et al., 2009; Jehlicˇka et al., 2013) that
can be altered to complex derivatives in sedimentary envi-
ronments (Sinninghe Damsté and Koopmans, 1997; Brocks
and Schaeffer, 2008). Of interest is the observation that these
heterotrophic taxa are characteristic of anoxic aquatic and
sediment habitats and common in ancient algal mat assem-
blages (De Wever et al., 2005; Schwarz et al., 2007; Song et
al., 2012), often persisting long after associated phototrophic
bacterial species have been lost (Antibus et al., 2012; Cole
et al., 2014; Lage and Bondoso, 2011, 2014). Additionally,
initial habitats may play an important role in the preservation
of phototrophic sequences. Strong mixing due to Westerly
Winds leads to particle resuspension in the water column,
while biomats developing on the flanks of the maar and sedi-
ment surface can be rapidly buried during gravity events. Our
interpretation is that particulate organic matter and plank-
tonic sequences are quickly degraded by heterotrophs during
sinking, while early colonization of algal mats after deposi-
tion would result in selective recycling of bacteria (Antibus
et al., 2012).
4.4 A model for ancient and extant microbial
assemblages
Taken together, data collected herein and by the comple-
mentary studies of the ICDP-PASADO project suggest that
climate regulates the influx of organic and inorganic mate-
rial to the lake basin, which in turn determines water col-
umn chemistry, algal productivity and sedimentation of par-
ticulate material. Water column conditions (e.g. salinity) and
sediment lithology then interact to determine final geochem-
istry of the sediment. Thus, environmental and geochemical
parameters arising from prevailing climatic conditions can
exert the initial control on microbial substrates, defining the
degree of colonization at the time of deposition (Vuillemin
et al., 2013a, 2014a), and subsequently dominant subsurface
assemblages brought on by environmental selection during
diagenesis. Results presented herein advance this model by
characterizing the main elements recorded in the sedimentary
DNA and by elucidating the metabolic pathways involved in
post-depositional alterations.
During the Holocene interval, elevated rates of OM de-
position under pelagic regime led to increased pigment con-
centrations in the sediment. Sequences potentially derived
from ancient assemblages (i.e. Planctomycetes, Actinobac-
teria and Bacteroidetes) may have emerged from the early
degradation of algae and microbial biofilms. Seemingly,
these heterotrophic species actively grew at the expense of
phototrophic species (Antibus et al., 2012; Cole et al., 2014),
leaving intact only their respective pigments although very
few sequences of Cyanobacteria and Chlorobi could still be
identified in surface sediments (Supplement). Phylogenetic
sequences representing the main elements of the subsurface
biosphere are characteristic of those exhibiting solely anaer-
obic heterotrophic metabolism, with Atribacter and Metha-
nomicrobiales as the dominant taxa. They reflect the sedi-
ment surrounding geochemical conditions and are indicative
of advanced OM degradation during early diagenesis, show-
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ing how long-term persistence and activity of microorgan-
isms can imprint organic proxies (Vuillemin et al., 2014b).
During the LGM period, limited nutrient inputs to the wa-
ter column and volcanic inflows engendered low primary
production mainly by bacteria, presumably in the form of
microbial mats reworked to the basin during gravity events.
Sequences issued from ancient assemblages seem to refer
to complex autotroph-heterotroph interactions (Cole et al.,
2014) and likely include Elusimicrobia 4–29 (Herlemann et
al., 2009; Febria et al., 2015) and Latescibacteria (Youssef
et al., 2015). Surrounding geochemical conditions associated
with the formation of OM-poor but iron- and sulphate-rich
sediments selected for a subsurface biosphere capable of sul-
phate reduction and lithotrophy, mainly including sequences
affiliated to δProteobacteria and Hadesarchaea (Baker et al.,
2016). Related diagenetic processes resulted in the presence
of authigenic concretions in LGM sediments (Vuillemin et
al., 2013b).
Post-depositional diagenesis plays an important role in
modifying the sequences of sedimentary DNA. Long se-
quences appear to derive from intact bacterial cells, whereas
extracellular DNA released upon cell lysis gives way to an
accumulation of short fragments in ancient sediments. Anal-
ysis of nucleic acid sequences reveals that phototrophic and
pre-diagenetic assemblages are rapidly overprinted by sub-
surface heterotrophic communities. Taxa are then selected
according to microbial substrates and geochemical condi-
tions, resulting in the overall decline of microbial activity
and density with depth and decreasing turnover of sedimen-
tary DNA. However, despite these insights, further high-
resolution research is needed to establish the time lag be-
tween deposition of the original microbial assemblages and
establishment of the final composition of DNA in the sedi-
ments.
5 Conclusions
Climatic and lacustrine conditions at the time of sediment
deposition appeared to be the main factors defining sediment
geochemistry and microbial substrates. Preferential preser-
vation of microbial sources already occurred during synsed-
imentary processes. Sedimentary niches at the time of de-
position exerted initial constraints on the development of
the subsurface biosphere. After burial, changing geochemical
conditions associated with sustained metabolic activity per-
formed a selection of viable microorganisms over time and
defined the final microbial assemblages. Genetic information
related to phototrophic communities was mostly erased by
heterotrophic bacteria while conserving pigment composi-
tions. Identified taxa were in fine characteristic of conditions
associated with past environmental and present geochemical
factors, with Atribacteria and methanogens, sulphate reduc-
ers and Hadesarchaea as dominant species in the Holocene
and LGM sediment, respectively.
Further research using a combination of DNA and other
proxies will advance our understanding of the mechanisms
forming sedimentary nucleic acid assemblages. For exam-
ple, at present, it is unclear whether microorganisms ac-
tively grew for centuries in past sedimentary environments
or whether their sequences were merely entombed during
the study period, leaving uncertainties concerning the tem-
poral lag between original microbial deposition and estab-
lishment of the final composition of sedimentary DNA. Sim-
ilarly, we also recognize that our analytical platform repre-
sent a preliminary insight into genetic variations of Laguna
Potrok Aike sediments and that the length of the targeted
sequence (1400 bp) likely prevented the detection of par-
tially preserved phototrophic bacteria (< 300 bp). However,
the rapid development of single cell sequencing technologies
and metatranscriptomic analysis will enable a refined view of
deep biosphere activities, while massive parallel sequencing
will provide extensive phylogeny of microbial DNA in lake
deposits.
This study provides new evidence for mechanism under-
lying the preservation of sedimentary DNA sequences. We
show clearly that sedimentary assemblages of nucleic acids
differ among major historical climate zones and that some
initial elements even sustain activity for 25 000 years after
burial, albeit at low metabolic rates. Moreover, the present
results demonstrate that sedimentary DNA could help recon-
structing microbial diagenetic processes undergone by lacus-
trine sediments and favorably complement paleoreconstruc-
tions based on fossil pigments. Application of this approach
to other lake sequences will improve interpretation of past
climate proxies and eventually disentangle depositional from
diagenetic signals.
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